Uniform suction or blowing from the wall is one of the methods to reduce the friction drag. The uniform suction improves the stability of a laminar boundary layer: the transition will be delayed and the overall friction drag will be reduced due to the extended laminar region. In contrast, the uniform blowing is known to reduce the drag in the fully-turbulent regime. Therefore, a combination of uniform suction and blowing is expected to be effective for flows involving transition, such as the flow around an airfoil, by delaying the transition near the trailing edge and by reducing the turbulent drag in the post-transition (i.e., turbulent) region. The objective of this study is to investigate the friction drag reduction effect of such a combined uniform suction and blowing. The ReynoldsAveraged Navier-Stokes simulation is used to deal with a spatially developing boundary layer on a flat plate at a practically high Reynolds number. As a result, the combined control is found to reduce the global skin friction coefficient by 44.1%, whereof the contribution of transition delay by the uniform suction is about 90%, and that of turbulent drag reduction by the uniform blowing is about 10%. It is also found that the position of the blowing region should better be located in the upstream side of the turbulent region because the drag reduction effect is sustained for a while even after the blowing is terminated.
Introduction
In recent years, drag reduction of aircrafts has been an important issue from the viewpoints of environmental problems and operation costs. The pressure drag is relatively easy to reduce and some passive drag reduction techniques are already in practical use, e.g., shape optimization. In contrast, practical methods to reduce the friction drag are limited, despite that the friction drag accounts for 50% of the total drag acting on a typical aircraft (Abbas et al., 2013) . Therefore, investigation of the friction drag reduction techniques is of great importance for improving the fuel economy of aircrafts.
Uniform suction or blowing from the wall is one of the methods to reduce the friction drag (Stevenson, 1963) . The uniform suction improves the stability of the laminar boundary layer: the transition will be delayed and the overall friction drag will be reduced due to the extended laminar region (Joslin, 1998) . In contrast, the uniform blowing is known to reduce the drag in the fully-turbulent regime, as studied, e.g., by Kametani and Fukagata (2011) . Therefore, a combination of suction and blowing is expected to be effective for flows involving laminar-turbulent transition, such as the flow around an airfoil, by delaying the transition near the trailing edge and by reducing the turbulent drag in the post-transition (i.e., fully-turbulent) region (Liu et al., 2010) . In particular, if such a control is devised to the natural laminar flow wing of the silent supersonic transport being developed by JAXA (Tokugawa et al., 2006) , its fuel consumption can further be reduced. Another advantage in the combined suction and blowing is related to the fact that the uniform blowing needs the source of air in practice. The combined suction and blowing can solve this practical issue because the air sucked in the uniform suction region can be utilized for the uniform blowing. However, there are few studies on the effect of corresponds to the friction Reynolds number of Re τ ≃ 40000. Such a high Reynolds number flow cannot be solved by direct numerical simulations even with the state-of-art supercomputers; it is impractical even by large-eddy simulations. Therefore, we use the Reynolds-Averaged Navier-Stokes simulation (RANS). In the present study, the Spalart-Allmaras model (Spalart and Allmaras, 1994 ) is used for the turbulence model. This model has an advantage for the separation and transitional flow, hence it is widely used for the flow around an airfoil. Since the original Spalart-Allmaras model is unable to predict the transition, the trip term is often introduced into the transport equation so that an arbitrary transition point is set. There is no problem if the correct transition position is known in advance. However, if a uniform blowing is applied on the wall, the transition is delayed according to the uniform suction intensity. It is therefore necessary to make a modification to the model so that the transition delay effect by the uniform suction can be reproduced.
The objective of the present study is to investigate the friction drag reduction effect of the combined uniform suction and blowing in a spatially developing zero-pressure-gradient boundary layer on a flat plate at a practically high Reynolds number. First, we develop an additional model for the trip term in the Spalart-Allmaras model which can represent the transition delay effect by the uniform suction. Subsequently, the fundamental characteristics of the uniform suction and the uniform blowing are investigated separately. Finally, the effects of the combined uniform suction and blowing with different arrangements of blowing region are studied.
Numerical procedure

Governing equations
We consider an incompressible flow. The governing equations are the continuity equation, the Navier-Stokes equation, and the transport equation of a working variable for the eddy viscosity, χ (Spalart and Allmaras, 1994) , i.e.,
where u is the velocity, p is the pressure. All quantities are made dimensionless by the fluid density, ρ * , the freestream velocity, U * ∞ , and the streamwise unit length, L * x ; whereas the superscript of * denotes dimensional quantities. The Reynolds number is defined as
The Reynolds stress is modeled by −u i u j = 2ν t S i j , where S i j = (1/2)(∂u i /∂x j + ∂u j /∂x j ) is the strain-rate tensor, and the eddy viscosity ν t is computed using χ as
The quantities and functions in the transport equation of χ are given as
r ≡ 1 Fig. 1 The schematic of the computational domain.
where the model constants are
2, c t4 = 0.5, and d is the distance to the closest wall. Except for the modeling of transition delay described in the next section, the effects of uniform blowing and suction are taken into account only through the wall boundary condition for the mean wall-normal velocity. The turbulence is modified indirectly as a result of the change in the mean velocity profile, i.e., one of the two factors of the turbulent production. Considering the energy cascade and the generation and development of vorticity, which are generally believed, this can be considered as a reasonable treatment because what is directly modified by the uniform blowing or suction is the wall boundary condition for the mean wall-normal velocity only.
Computational method
The present RANS code is developed based on the DNS code for a spatially developing turbulent boundary layer of Kametani and Fukagata (2011) . Although the problem dealt with in the present study is a two-dimensional steady problem, the present RANS code is developed as a three-dimensional unsteady code so that it can easily be extended to a Detached Eddy Simulation code in the future. Namely, the steady solution for the present problem is obtained as a result of time integration. The spatial discretization is basically done by the second-order central finite difference scheme, except for the TVD scheme (Harten, 1984) used for the streamwise derivatives in the advection terms in the Navier-Stokes equation and the transport equation of χ. The time integration is done by the low-storage third-order Runge-Kutta/CrankNicolson scheme (Spalart et al., 1991) . The coupling between the velocity and the pressure is done similarly to that in the SMAC method (Amsden and Harlow, 1970) . The pressure Poisson equation is solved using the fast Fourier transform in the streamwise direction with the mirroring technique (Mitsuishi et al., 2007) and the tridiagonal matrix solver in the wall-normal direction.
Computational domain
The computational domain is shown in Fig. 1 . The computational domain is set for a two-dimensional spatially developing boundary layer on a flat plate. The streamwise length,
wall-normal length is about twice as long as the maximum boundary layer thickness. The numbers of grid points are (N x , N y ) = (128, 80). The grids are uniform in the streamwise direction and nonuniform in the wall-normal direction. The first grid point in the wall-normal direction is located at y + = 2 at Re θ = 470, where Re θ = U ∞ θ/ν, is the Reynolds number based on the momentum thickness, θ, and the superscript of + denotes the local wall unit.
As for the boundary conditions, the uniform inlet condition, the convective outlet condition, the no-slip condition on the lower wall and the free-slip condition on the upper boundary are used. For the pressure at the inlet and the outlet, the non-reflecting scheme of Miyauchi et al. (1996) is used.
Modeling of the transition delay
Role of the trip function
As can be found in Eq. (3), the Spalart-Allmaras model (Spalart and Allmaras, 1994) contains a modeled production term, P SA , and the destruction term, D SA , i.e.,
and
The laminar-turbulent transition is determined by the balance of these terms. Moreover, the balance is determined by the trip function contained in these terms, i.e.,
Both terms are suppressed by this function when χ is kept smaller than a threshold value, thereby a laminar flow is maintained. Transition is induced when χ exceeds the threshold value, at which (1 − f t2 ) = 0. It is easily found that the threshold value is given by χ = √ log(c t3 )/c t4 . Namely, the threshold is determined by the values of c t3 and c t4 , which are constants in the original Spalart-Allmaras model. Our idea here to account for the transition delay due to the uniform suction is to express this c t4 as a function of the suction velocity v s .
Influence of the inlet eddy viscosity
The transition position varies also by the value of χ given at the inlet, which corresponds to the free-stream turbulence. The inlet value must be larger than the transition threshold because the transition does not occur when the inlet value is lower than that. In turn, a too high value causes an earlier transition.
In the present study, the inlet value is set to χ = 0.764476 so as to fit the transition position reported by Masad and Malik (1993) . Note that the simulated transition point is highly sensitive to this value, and a small change in this value can easily happen depending on various computational conditions; therefore, the value should be adjusted in each computational code. Masad and Malik (1993) proposed a formula to predict the transition position, Re x,tr , as a function of the Mach number, the suction intensity, and the heat transfer by using the theoretical-empirical e N approach. The formula proposed by Masad and Malik (1993) is
Relationship between the suction intensity and the transition position
where and the constants are a = 0.0183,
, c 2 = 5.8, c 3 = 9.1 and c 4 = 5.9; M ∞ is the freestream Mach number, v s is the uniform suction velocity, and T w /T ad is the ratio of the actual wall temperature to the adiabatic wall temperature. In the present study, an incompressible flow and a constant temperature are assumed. Therefore, M ∞ = 0 and T w /T ad = 1. This relationship between the suction intensity, v s , and the transition position, Re x,tr , according to the formula of Masad and Malik (1993) is shown in Fig. 2 . The transition position is Re x,tr = 3.13 × 10 6 when the suction intensity is v s = 0 (i.e., no control). The position is delayed to Re x,tr = 2.65 × 10 7 at v s = 1.5 × 10 −4 .
Relation between the transition position, Re x,t r , and c t4
The relation between the value of c t4 and the transition position, Re x,tr , was studied by the present RANS simulation. The values of c t4 are searched using the bisection method so that the theoretical transition points corresponding to four cases of suction intensity (v s /U ∞ =0% (i.e., no control), 0.005%, 0.010%, and 0.015%) are reproduced. Table 1 
Finally, a function relating the suction intensity v s and c t4 is derived by substituting Eq. (15) Figure 4 shows the distribution of this function. The value of c t4 is found to monotonically decrease with v s . Note again that the constants in this function should be dependent on various computational conditions, e.g., the grid spacing, the inlet value of the eddy viscosity and the boundary conditions; therefore, in general, these values should be tuned in each computational code.
All the model parameters except for c t4 are unchanged from those of the original Spalart-Allmaras model. The model parameter c t4 is set by Eq. (20) throughout the domain, i.e., both before and after the transition. It is worth noting that this model parameter c t4 works almost solely to determine the transition point and it would hardly affect the rest of the flow. In fact, the term f t2 defined in Eq. (14) becomes negligibly small ( f t2 < 0.01) for χ > 7; therefore, the flow is considered insensitive to the value of c t4 after the transition, where χ is on the order of 10 2 or higher. 
Separate effects of a uniform suction and blowing
In this chapter, the separate effects of the uniform suction and the uniform blowing are discussed; namely, only uniform suction or uniform blowing is applied on the lower wall. The computed cases are the uncontrolled case, 0.015% uniform suction (US) case, and 0.015% uniform blowing (UB) case. Figure 5 shows the streamwise distribution of the local skin friction coefficient, c f , defined as
where τ * w denotes the wall shear stress. The drastic increase of c f indicates the transition to the turbulent boundary layer. The transition position, which is defined as the position where c f takes the minimum value, is Re x,tr = 3.13 × 10 6 in the uncontrolled case and Re x,tr = 2.65 × 10 7 in the 0.015% suction case. These values are in accordance with the theoretical values (Masad and Malik, 1993) because the transition delay effect was modeled so as to match these. A significant reduction of c f (more than 80%) is observed in the region of 0.3 × 10 7 < Re x < 2.6 × 10 7 . This is caused by a sustained laminar boundary layer. In the blowing case, in contrast, the transition takes place at the inlet; the effect of blowing on the transition was not modeled. Figure 6 shows c f as a function of the Reynolds number based on the momentum thickness, Re θ , to compare c f under the same momentum thickness. In the 0.015% suction case, c f is increased. The difference c f from the uncontrolled value, ∆c f , is about ∆c f = 0.1 × 10 −3 in the region of 0.5 × 10 4 < Re θ < 2.0 × 10 4 . In the 0.015% blowing case, c f is decreased about ∆c f = 0.1 × 10 −3 in the region of 0.5 × 10 4 < Re θ < 2.0 × 10 4 , and c f gradually approaches to the uncontrolled value in Re θ > 2.0 × 10 4 . shape factor indicates the velocity depression in the boundary layer. It is known that H = 2.59 is the value for the laminar flat-plate flow and H = 1.3 − 1.4 is for the turbulent flow. In the uncontrolled case, H takes a value close to 2.59 in Re x < 0.3 × 10 7 . Therefore, the flow is laminar in this region. In 0.5 × 10 7 < Re x , H is nearly 1.3, which suggests that the flow is the turbulent. In the 0.015% suction case, the shape factor is about H = 2.3 in the laminar region. It means that the velocity profile is pulled down toward the wall by the uniform suction.
Combined uniform suction and blowing
Combined cases and the friction drag reduction effect
In this chapter, the effect of the combined uniform suction and blowing is studied. In the combined control, the uniform suction is applied on the upstream region and the uniform blowing is applied in a downstream region so that the uniform suction extends the laminar boundary layer region and the uniform blowing reduces the turbulent friction drag after the transition. There is a possibility for the overall friction drag to be considerably reduced by this combined effect.
The suction intensity is set to 0.015%, which is the maximum value where the present transition delay model is valid, and the transition position is delayed to Re x = 2.65 × 10 7 . Then, the region from Re x = 2.65 × 10 7 to 4.50 × 10 7 can be chosen as the blowing region in the present study. The position and the length of the blowing region are chosen as parameters, while the blowing intensity is determined so as to keep the balance between the suction and blowing flow rates.
Even if the flow rate for blowing is given, there can be various choices for the blowing region. As Kametani and Fukagata (2011) demonstrated in their DNS, a uniform blowing reduces the drag, while it enhances the turbulence. Therefore, if a stronger blowing is applied in a narrower region, the drag reduction rate in the blowing region will be higher, but the enhanced turbulence may increase the drag in the region downstream of the point where the blowing is terminated. In contrast, if a weaker blowing is applied in a wider region, the drag reduction rate in the blowing region will be lower, but the overall drag reduction may become higher. In addition, a blowing in an upstream region may also reduce the drag in the region downstream through the thickening of the boundary layer, while it may increase the drag in the region downstream by the enhanced turbulence. In this study, different cases of blowing region are investigated, as shown in Fig. 8 . Table 2 shows the blowing intensity in each case. Case SO is the case without blowing, and only the uniform suction is applied in the upstream region. In Case A, the uniform blowing is applied in the entire region after the transition. In Case B, the source of the air is used in the first half or the latter half with twice as strong blowing as that in Case A. In Cases C and D, the blowing is made in a one-third or two-third region with 3 or 1.5 times as strong intensity as that in Case A, respectively. Cases B-D are further divided into Cases B1, B2, etc. according to the location of blowing region, as shown in Fig. 8 . Table 3 shows the global skin friction coefficient, C f , defined as
Here, "Reduction rate from SO" and "Reduction rate from NC" denote the reduction rates of C f from those in Case SO and the uncontrolled case (even without suction), respectively. From the table, the most effective case is found to be Case C1 and the most ineffective case is Case C3. The difference between these two cases is 2.19% concerning the reduction rate from Case SO. We also notice in the table that there is the tendency for the drag reduction rate to be smaller when the blowing region is set downstream. Regarding the reduction rate from the uncontrolled case, the difference between Case SO and Case C1 is 4.1%. The global friction drag reduction effect can be decomposed into the contribution of the uniform suction and the uniform blowing. In Case C1, the contribution of the uniform suction is 90.6% and the uniform blowing is 9.4%. Therefore, in Table 4 Decomposition of the global skin friction coefficient in the blowing region. the present condition, the contribution of the transition delay by uniform suction is much larger than by the turbulent drag reduction by uniform blowing. Figure 9 shows the streamwise development of the local skin friction coefficient, c f . It begins to decrease after the transition because of the development of the boundary layer. In the blowing region, c f is reduced about 23% at most. In Case C1, after stopping the blowing at Re x = 3.4 × 10 7 , c f does not immediately return to the uncontrolled value: the drag reduction effect is still sustained for a while. This is why the drag reduction effect is larger when the blowing region is set upstream. In contrast, in Case C3, such an effect is absent, which leads to a lower drag reduction rate. Figure 10 shows the streamwise development of the shape factor, H. The shape factor is increased by the uniform blowing, which indicates that the velocity profile is shifted away from the wall. In Cases C1 and C2, the shape factor does not return to the uncontrolled value after the blowing region, which is in accordance with the observation in the skin friction coefficient.
Decomposition of the friction using the FIK identity
The friction drag can be decomposed into different contributions using the FIK identity (Fukagata et al., 2002) . The FIK identity in the present case (i.e., based on RANS) can be expressed as
where δ is the 99% boundary layer thickness and Re δ is the Reynolds number based on the δ. In this identity, c δ is the boundary layer thickness term, c T is the Reynolds shear stress term, c C is the mean wall-normal convection term, and c D is the spatial development term. The boundary layer thickness term represents the contribution from a volumetric flow rate in the streamwise direction. In the high Reynolds number flow, the contribution of this term is negligibly small. The Reynolds shear stress term represents the contribution from the Reynolds shear stress. The mean wall-normal convection term represents the contribution from a mean convection of the streamwise momentum in the wall-normal direction. The spatial development term represents the contribution from the spatially development. Table 4 shows the decomposition of the global skin friction coefficient, C f , in the fully turbulent region (2.65 × 10 7 < Re x < 4.50 × 10 7 ). The decomposition of C f is calculated by
where L U B is the length of the fully turbulent region. As expected, the boundary layer thickness term, C δ , is on the order of 1/100 compared with the other terms; the contribution is very small. The Reynolds shear stress term, C T , is known to increase by uniform blowing (Kametani and Fukagata 2011) , but it does not change so much by blowing in the present study. This is due to the very weak blowing as compared to the cases studied by Kametani and Fukagata (2011) , e.g., 0.1% blowing. The mean wall-normal convection term, C C , is found to significantly change by blowing, which is considered as the major contribution to the drag reduction by uniform blowing (Kametani and Fukagata 2011) . The magnitudes of C C and C D become larger as the blowing region goes downstream; C f also becomes larger since the contribution of the increase of C D is greater than the decrease of C C . As compared to Case SO, C T is increased by 3.08%, C C is decreased by 50.0% and C D is decreased by 3.57% in Case C1. The reduction rate of C C is much larger than the changes of other terms, whereby the friction drag is decreased.
Figures11 shows the wall-normal velocity field in Cases C1 and C3. The wall-normal velocity is found to be significantly increased in the blowing region. This positive change results in the enlargement of the negative contribution of the mean convection term c C as observed above.
As observed above, the changes in different contributions by uniform blowing, i.e., enhancement of C T (turbulence) and C C (negative contribution by wall-normal convection), are in accordance with those reported in the DNS of Kametani and Fukagata (2011) at a much lower Reynolds number. This, in turn, suggests that the dynamics in turbulence is still well represented by the present RANS model (of course, in the statistical sense) even with the uniform blowing. 
Conclusions
In the present study, the Reynolds-averaged Navier-Stokes simulation was performed to investigate the friction drag reduction effect of a combined uniform suction and blowing. A high Reynolds number spatially developing boundary layer was considered as a simplified flow around an airfoil.
First, the transition delay effect by uniform suction was modeled by replacing the constant appearing in the trip term to a function of the uniform suction intensity in the range of 0 ≤ v s /U ∞ ≤ 0.015. It was confirmed by the numerical simulation that the present model can reasonably reproduce the transition delay effect by uniform blowing.
Subsequently, 9 cases of the combined uniform suction and blowing were simulated. The combined control reduced the global skin friction coefficient by 44.1% at most owing to the combined effect of the extended laminar region and the turbulent friction drag reduction in the turbulent region. Among the drag reduction effect, the contribution of the transition delay by uniform suction was found to be about 90% and the turbulent friction drag reduction by blowing was about 10%. Decomposition of the global friction coefficient using the FIK identity revealed that the mean convection term is the reducing factor in the uniform blowing region due to the positive wall-normal velocity. It was also found that the blowing region in the upstream side gives a better drag reduction effect, because the blowing effect is sustained for a while even after the blowing in terminated.
The present numerical study demonstrated that a larger drag reduction effect can be obtained by combining the transition delay by uniform suction and the turbulent drag reduction in the post-transition region in a boundary layer at a practically high Reynolds number. Toward the practical applications of the combined suction and blowing, however, an estimation of the cost will also be required. Although the idealistic input power computed by using the pressure difference on the surface is found to be negligibly small, as has been reported in the previous studies on uniform blowing/suction, a more realistic estimation should be done in future by taking into account the drag in the microholes used for blowing/suction and the drag in the conduit connecting the suction and blowing regions in order to evaluate the present system in terms of the control cost.
